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( Abstract

In this paper we continue to investigate the impact of logic synthesis on the testability of
sequential circuits that can be modeled as finite state machines. Complete testability of a
sequential circuit is ensured by guaranteeing that each invalid state has an unperturbable
distinguishing sequence. To accomplish this we present a novel Boolean minimization
procedure of prime implicant generation and contrained covering based on the Quine-
McCluskey algorithm that ensures that no single fault can both produce an invalid state
and corrupt the distinguishing sequence by which that invalid state can be identified. On
completion, it guarantees a prime and irredundant, fully testable Moore or Mealy finite state
machine. Given a two-level circuit with these properties we then use constrained algebraic
factorization techniques that retain the invariant that no single fault can both produce an
invalid state and corrupt the distinguishing sequence by which that invalid state is detected.

Besides offering a more detailed understanding of the sources of untestability in sequential
circuits than previous approaches, this approach offers significant practical advantages as
well. It is applicable to a wider range of circuits than optimal synthesis procedures whosc
utility is often limited by prohibitively high CPU requirements, and its less restrictivc
synthesis constraints result in lower area overhead than other constrained synthesis
approaches. These observations are supported by experimental results.
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* Boolean Minimization and Algebraic Factorization Procedures for Fully Testable
Sequential Machines

Siivas Devadas
Department of Electrical Engineering and Computer Science

Massachusetts Institute of Technology, Cawbzidge

inuI Ketitzer
AT&T Bell Laboratories, Murray Hill, New Jersey

Abstract titat each invalid stale Iha.- anl un pertuitrbable distinguislting seqilite.
To accomuplish this we present a novel Boolis,, fnininzation prcdart

In I this Paper, we continue t~o investigate the impact of logic synthe- of prime iniplicanl grnerstiois and coristrnined catering based onl lte
sis ott tile testability of sequential circuits that can be modeled as finile Quine-McCluskey algoritltit t hat ensures I Ilat no Single fault call hot h1
statf- iaciies. Complete testability ofa sequential circuit is ensured by produce ant invalid state an~d corrupt the djintgtliqttittg seqlluce b%
guarant eeing t hat each invalid st-at~e has an unperturbable distinguishing which that invalid state can be identified. Onl coluplet ion, it gttaralttees
seqIietice. To Accomiplisht this we present. a novel Booleant intiniiatiot a printe and irredandttnt. fally Irstabi, Ainmyr nic AMutig F.S.I). Givet, a
procedttr oflprunef intjtitcattt genetratiott and consftramned cotering based two-level circuit with these properties, we t(tell define cott at tttd alge.
onl thle Quine-ficCluskey algorithm that ensures that no single fault canl braic factorization techniques thlt retain tlife invariant tflat no sinigle
btothl prodluce anl invalid at-ate and corrupt the distinguishing sequetnce fault cati both produce alt invalid st-ate and corrupt) lfie dist itguistitig
by whticht that invalid State catl be identified. Oit completiotn, it guarati- sequence by which that invalid state is detectted.
tees a pritite antd irredwndattf. fully, tesablf Moorc or Alcaip finite state Besides offering a mtore detailed untterstattdittg of the soutrces of
,ttttchitie. Giveni a two-level circuit withI these properties we then use untest-ability in sequetit al circuits t ltst t liese Ire% iolts approaches. t htis
cottsttitrd alqebrlaic factori:atiott t-echntiques thiat retain thle invariant Approach offers significati Practical advatiages asq well. It is Atptlicabile
Itat no sinigle fatilt can both prodtice anl itnvalid st-at-e attd corrupt thle t-o a wider ranige of circttits t hait opt itttsl sy tit liesis tmcedttres Altose
disti intisltigsequence by wiclh that intvalid state is detected. utility is oft en limit ed by prolti bit i el.y It I gl CPIT relit irpetietts. atilt its

Besides oerinig a more detailed understanding of the sources of less restrictive synthesiA constraintsq result iii less area oi-,rltad thtan
uttestahility iii sequteitial circuits thant previous approaches, this aip- other constrained Sythesis Approachtes. Thtose observatioils are Sup-
proacli offers signtificatit p~ractical advantlages as well. It is applicable to ported by our preliinary experimental results.
a wider ranige of circuits thtan optimal Sythlesis procedures whose util- Basic definiitiotts Attd terumintology- Are giveni ill Sectiont 2. Procediures
it% is oftett itttitied by prohibit ively high CPUL reqluiremnents, aid its less to sytthesize fill[% testable FSNIS iitpleiiieiited IT% two-level atttl tttttlt
restrictitve svtnthesis conist raints resuilt in lower area overhead thian other level cotibitliat iotal Inetwork.- are idescribeid itt Sect iotts .1 atitl 4. rsc
roust rited syttiteqis Applroachies. These observat ionts are supported by tively. Tlte reqtuired itodificat otis lato life roserittg slt- ill t uu-t-hel

peiinilrqu~.Booleani miiiatitotn are (describted iii Sectiott 5'. l'rcliiiar\ *'xper-W I Introduction itneittal results are given iii Sectiotn 3.

(st Sequtenttial circuit be cottillet-ely test-ed without additigscati logic? 2 Preliminaries
This is perhtaps t-le most opent problemt itt thle area of testintg. One flat- A cube is written as a hit vector ott a set of %ariattle- ivt It parli bit
ural Apiproachi to solving this problem is to imlprove curreiit Sequetial position representtintg a dist-inct variable. 1lue \-allies takeni b\ each bit
test genierationt Algorithmts. Thte primuary d rawback to this Approach call be 1. 0 or 2 (or - or don't care). sigiif~ itg tile Ito fortitl. tiegated
is thl circutit sizes are intcreasitng so quickly thtat evett sigtnificantt ilt. form atid nonu-existentce respuectiv-ely of filt: variat correqluvtditg to
proveiieIlls itt Sequenitial test getneratiott algorithtts canttot kerri up. A that position. A mninterm is a cube withI ottl tI and( I entries.
radlicallv differetnt Applroachi is synit esis for sequtential testabi ity. Itt A tnitttertin fill is %aid to domijnate (i J ti) if for e~achl pisiot
thlis Approacht it- is the structure of the circuit itself that is modified to thtat 11?2 has a 1 In Itt Also Itas a I.-
prottce ftill% test able designts. A fintite state itahtitte (FSNtl I is represeiteul Iv its State Transition

Tie idea titiat logic sytit fiesis attd optitmizationt catl have a very pro- Graph (STG J. G( V . F.Ii L')l I sliere I -is thle set of tertiu-es etrre-
fotitd effect oii the testability of a syt. ithesized cotmbinational or sequeti. spotidiutg to tite set of states S. IIS1[ = , is tilie carditiality of t ite set
tial circuit has beett recogntized. 'the relatiottsltip betweeni testability o ttso ~eFN.Ateg otsi or fttr ~at etro n
stud B~oolean ttitnimiizat iott for twio-level attd tiulti-level coibitflat.iottall mrinuvaesttcuesif FN(oe k rmsAerola.
circuits htas beeni thtorougly insestigated 151 [1] [4] ayitttvltsttt ate t.SIt vlv riisaec oSa,

Relatioutslips betweenu stqtt lentiaW lo~ic Synthesis and noni-scan sequeti- vi. Wt(E) is a set of labels Attachted to each edge. For tle ltnt-pose,
ial circii testaltility are eqitally inutimtate. Scain logic appears to 1ie of tltis paper, we definte eaclt label as att ordererd 4-t tuple < i,.sn.s >

less niecessary for enusurintg thte testability of datapatlt portions of cir- wee i uitrnoe h rttr ijit.. tds r titelt
ctits4 becauise clatapatlt poctionis htave less feedback. As a result. [lie over thIe st-ate variables atud o is a miiterti over tile Parimiary ottt ii .
ret i t iig chtallettges itt Synithesizing, Sequentially testable nrc nits are to Thte pair < q'.na > CorresPOtIds to I fti ot itp t lat ii of a t ' it tIII tabtle

SIII lieqize fitlIx /easily tes table conitrol portionis anid to combinie thtese retiresenftttion of tile FSNI - Thle tii < I. s > correstpondls to a ii,-o
wvith Itca tapat Ii port iotns. SCottrol port ions wze commnon ly modeled as it tfite iniiu plane of a t rthI-table represeittat ott of tile S NI: fot at
fiinite state inacltites (FSNIs). syntiesis of fully/easily testable FShIs edge we will refer to tlte set of all such pairs as tlte input-labels ofithat
is possible tliroglt rotnstrainted state assignment and logic optimiizat iout ed ge.
[3]. Att optitmal (seqietiially prime and irredlundant) synthesis proce- We dlettoe tli t Irttttsry tttttt( ColtlINIiat tot Attd presett state corre-
uire. ittovittg the use of don't care sets in an iterative logic mittiniza- spotinti to alt edge or set of edges is I t_- s, where i atti s Are ciiltes
tion st rategy. thtat produces ant irredundant sequiential maschine witht o over thep set of ittptttslaid states respect isey. The fattit of a state. qi
area/lperforttattce overhead was present-ed itt 12]. a set of edlges stud is deniioed fittov(q).

Our Approacht represent%, a middle path between the CPU-intensive Adtrii ritta steisaumd oextfeatuaiie.lo
opt itnie " yitliesim procedure of (21 atid tile area- penvaliz ing onstraitted called tite reset state. G"iselt A logic-It-vel fitiite State atuaclitie Willt
syntthesis procedure of(31, cotmbining the advantagescof botfh approaches. N6 lat-clie. 2"' posisible states exist itt the trtinte. A state Which
tUnlike Ite Approach of 12). comtplex don't care sets do not have to be ex- caii be reachued frottt tile reset state %ia somte inp~ut sector settteiicr is
ploited. tior is repeat-ed loicuituiaoureiedTtepcdrels called a valid state it lite S51G. The itnputt vector %eqttetce is called lte
doest tot intt's tife addit ioti of ext ra edges or state assignment coil- justification sequence for thlit stAte A st ate for wvhiich tio uitsircs Ot
at raitnts as itt [3]. The FSAI is described at tile St-ate 71ransition Graph sequetnce C~ists% is Called All invalid state. Gise a fatlt V. tfile State
(ST(;) level. The optttimizedl logic-level iruipletitent-at ion is guaranteed to Trantsitiont Graph of the iuscltite withI the fault is enoted (;F. rn-a
be futll ' testable for all siptgle stttck-at faults in the combiniatiotnal logic states itt A State Tratition (;raplt G are equivalent if all possiltle

thost accests to the inclemory elire~ft. inptut sequenuces Wleu tile iaflite is iniitially it eithter oft lie two StatesO The Apiproacht of this paper is to use sythesis to etnsure tite cont- prodltce t ite Rattle ottpitt response.
phete tesitability of a sequential circuit intpletleti ig a FSM by ensuring A State Tranisitioni Craplt GI i% said to be isomorphic to anoitler



1Itt is not required to detect &iiy. fault F in file jiiachlie S.
OL PO OL PO 2. It, is distiniguishiable front air% validl stale in a specifiedI 111ii1l)er

( > I) of st-ate tranisitions or iri never Apptears asi as It% )text at ate.
that is equivaleiit to i-le true ntext state.

PINSL FelNSL The goal of the tnitiizatioii procedure is to %at isfy (ouidiliio I auit 2
and produce an area-iniuinial logic circuit. To ( his Clodl. we ii1odi\ tile
privae iniplicatit generation and coveriiig steps that are basic to two-lretiPS NS PS NS Boolean nujilizatioti.

Consider tife Moore ntacliie of Figuire ](a). We call state the folloi-
(a) (b) ing result.

Lemmna 3.2 :If a reduced Aloovry inachinr frotlh N, states is efsu 11141
the NSL arid OL blacks iarc profit aped orr-dndantf under the( invalid

,late dont care set. arid each invalid stair has an oatput distinct fromn
Figure 1: Sequential Machines all valid stairs, then tlr vnalChino Is fully teStalble'.

fTus, a prelittaittary iniltitizatioli ;I rategy is as follows: 1WhiI- iiii.
iiing tlie- OL block w-ith Ittlse its-lid states as vloii cares. iti u co% -

State Transqitioni Grapht G2 if And only if they are identical except for a ering we select anl irredittidant set of primes4 such that All or a moaxiital
rettatting of states. numbler of invalid states have distinct out plts fromt all Ie w Alii l Stal-.

A prittiiie gate iii a itetwork in prime if nonie of its inputs call be if we obtaiit a cover whe-re each itivalid state isserts- asserts. cliferiit
remto-.ed wit Ioutt cauising tlife result hg circuit to be functionally differ- outptuts froti all tlite va lid stat-est. thlen tile NS I. block call lie sues ni-
calt. .A gate is irredundant ir it-s retinosal causes tire resulting circuit t~o tionally ininititized with tive itnvalid states specifed 5 dlon't cares- anid
lie tini ioitall) different . A gate-level circtuit is said to be prime if all thle resulting malihie will be full% testable by Theoo-tit 3.2.
tile gates are prinie alid irredundant if All the gates are irredundant. It mlAy not always be ]possible to0 performl such R selert ionl. RIteutitiiig
it cavi be shown iliat a gate-level circuit is prime artd irredunidan. if and priniality And irreduitdponcy for A cover tes% conflict with dtite o1t ,ilt
oiil% if it is 1001l7, testable for all sintgle stuck-at faults [1). reqilirelliett. The coverinig algorithmti call itstead be tussle to proilice

V'.e differeintiate b~etween two kinids of redtitidaiicies in a, sequential a prime and irredlutdant cover wit I a itiriivial set of intvalidl ptates
circuit. if tilie effect of tire fault catiiot bye observed at- the primary asserting dlis ittct out puts, front all tile valid states. Some iinalii lsiate-
outpu~ ttts or tilie itext state lines. begilt Iitig fromu aif, st ate, with aity inay asmsert the -aine out puts as a valid state. For tiese- i ttaliit stat is.
iniput vector. thle fait is deetiee combinationsally redundant. A we need to miodlify thfie miniiiizatii procedure of tile NSL block. so as
seqitentially redunidant fait is a fault thoa cantnot ber detected by to produce at full% testable miacinie.
all ui iut. qeluletce Andv is tiot conibiniailly redumndant. The pa radigiti followed here is to eiisu re I list life disli igitishItiga se-

Aui edge ill a State Tranusitioti Graph (ST(,) of a miachine is said t~o quences. for poosible faulty fault-free/state pairs 1irodiictil die to a
be corrupted by a fault if either lte fatitu state or anl output label fault, are uncorrttpted by that fault. These se(Itietces tia . oefrotirse. bie
of this edge is changed becaiise of the exist-etice of lte fault. A pathl iii corrupted by illier faults. This ift Accomplglishted 6% defititig tife lotionl
a State Transit ion Graph is said to lie corrupted if at least one edge in of faiilt-effect.-dlis joiinesst (F-disjiittliess) betweeni A pair of edges sil
Ilie list It as bleen corrupt ed. plit tt w-ee obiama tmr

Internal qingle st tick- it faults insa logic nietwork are faults onl initerntal ailii tt w-ee otljitin)ieats
lines (rtiot pritary input or primtary outpulls) tiat. are iiot equivalent to Definition 3.1 : Goven a FS.1l ii. a ST(G p rfit tiig .11 arid
sinigle or mlutip jle pirimnary 0outpitt st tick-at faut t. lorgic-Ic-r t iilc iiicntatin L of .11. a faul~t f is -said to lot rtu rh ane ittpitt

3 Fully Testable M achines 'with Two-level label to e reirdcfit G (farid iiot-c ifto au o h1, edge).% ltp

Logic Implementations aeltberporifrior(pdooc'tonth-eg.

3.1 Introduction Definition 3.2 ; Gircn a FS.1I .11 arid a STG G ty/'ryseitinq .l. a
Modxels for Moore arid Nleal% machines are shown in, Figure 1(a) aind logrc-level ,iitleoienttatioii L of Al. aiid lic n iuit-laberls Pit arid tell of
(1b). Variationls of thle ri-sults below were provei i in (2] (c. f. L'eiua. (two edges e, avid r2 ti G. the tn-ne labels loi, aid to ave said to e IT-.
4.1. Tlieorens, 4.2 said1 4.4). disjointt ovrer a let of faults F E L if ti fault tip F pertuthis both tii aid

Lemma 3.1 : (.irrti a iedurfe AMoore or Alealy iiiachirif with N, < 211
StateS. it-heiYr i is the( nuiliuber Of latcheS ini the, muachinte. all single stuck. Definition 3.3 : .4 DiAfouce-L-prtiiecbe (--,ti -cbe( Of a
(it faults onl the ,tciiiu iutiit (PI)/pi-svI state (PS) liters and all prine civbv c is a ctuh- that has eta etly the variables of c and a 1 (0I) ti
sittgle aiid tttultiple, ititl-at faults nit printary output (P0)/next state eractly k positionus n-hr c has a (0 (1). too alny rooniii titoii.
hives (A.5) are testable, if Cht coiiantioital logic offtie machine is prorne It is oulv nieaiiigful to talk Allowt a L)-k-priiti. citihe reltt ise tos a pr-aiid ,rryduutdaitt. ticu lar primve en bve. bitt w-heniever I le prntie citv li tat is beitiig referred

t-o is unitsiiligiious we w-ill tree lie erit D-k-guru tit etitieo albkres is ieTheorem 3.1 : iieiii a redced Aloore or AMealy machine twith 2" D-k-pratite cube relatire, to a print(e ciihe.
states. whre or is thr ntiirir of latches isill themachine, if the coviibines.
stovi l logic of the iiareai is prini v and an-v dun dantvind is inipe iiiensted Lemmna 3.3 : Cite ii AlV G' aped a I tin-Icid Ivle evt i i f F of .11
ai tn-o.leriefonnit or algo-bt-aicalltfactpord naisltt-eIf el formn, then the "pla- aped a siingle iternal fault f fi T that prfiert ate inltfit.Iahe oi of r
clht is fully terstable for all sintgle stuck-at faults in the coriinatiovial edge c 1i) G. if f is a u-a-0i falt n t outltiit of alt .1 AD gat g, of Trlogic, the i ivs conta iid iwith in the pi-iie cubei assotiat, d ttooth Y,- aid tf f ic

lit geiteral. mtachines a-ill have N, < 211 states. where it is tile onmber a sf-a-I favilt ot? the input of atir. AAI) gate 9, of I' Mien it o is ctiutaittid
of latches iii lite imachiine. Many invalid states mia% exist that canniot be within a D.1-prtvtte-csbf rylative to .
reached front thle reset state of thme miachine. Invalid states pose a miajor We flow sotte at thieoremi regarvdiiig suftficienut cotnditioiis for ta-o edgie
probilemi iii testability .-driven sythesis. A fault nialy be sequentially" lalbelpa to be FE-disjoint over ".-0 or s-a-I intertnal faults tin a t"-o-leselreiltindait. if it requirves anl invalid state to be detected. lit order that etokno fault requires t inivalid state to be detected. the inivalid state codes ntok
hlave to be used as doiitl cares in logic tniniinization. However, if tihese Theorem 3.2 : Gite i At. G avid T rist aove. ftot n pt-lahll riot avid-ottes Are. in fact, uased as don't cares. then they may be equivalemit.
to -ooe %alid same iii C. Thtus, we in&ay have a situation where a fault i112 are FE-disjoint niver itefrnalt s-a-t0 (s-*-I) fausolt in a tunr-ler v-clt
re-sults, iii a corruptedl edge(S) goitig t-o All in-alid state that is equivalenit itov*. if onie of the follow-invg conditions is soatuficd:
to fihe true valid next state. this fati is redtudati. More coniplicated 1. t and tool art, not both contained ti artp prine( (not both corplttvid
redlunanicies call be etivisiotied which inivolve inivalid states that are not in srty D-I-prinie-csler) toi T.
equi'.aleiit to valid istates iii G. becotuiing equivalent to valid stales ini

(;F- . tolt aid fill are both contavined Ini a pvivne it, (or, In a l)-l-PrIiu.

cubppe ofpri pa). -v-4 it or, in 2 is contatined far soeif Other
3.2 Fully Testable Moore Machines rviepthtassirrts (he saoner poutputs as the prit( Pi (or 1)2 ).
The 4t rateg- used Ite. tutodifieq lt.e logic inilinizatiolt process using the
invsalid states as doiit cares, so for each invalid state iv Ltme folowing We are iioa- in a position to lehie a procedture that produnces a C01%l
coiivitiot are satisfied. testable Moore miachine.
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1. The OL block is mnimitized with thie inrvalid mtates used as don't 4.3 S-a-i Faults in a Multi-Level Network
cares. At tem ptinjg to iiiake sure that a m iaximiial niumiber of invalid F'Shis itipleii cuted by unIti-level tiet works are mtore s-ii ii to iii er-
stIatIes tsrodltce differetit. oiltIpit Icomtbinat ions from all or a maximal it&[ s-a-I faults Luaii to &-a-0 faults-. III tile case of s-0 rWills. eacth
numbler of valid states. [f all invalid states p)roduce different outputs inpout-label Pit that8 is a mtetitber of the ON-set is covered In somue set of
from eaoch of the valid states. tcoutditiounally minimize the NSL primes Anid for tin to he peritirbed all of t hose primves noi bie Atfei-cert
block said exit. (TIwo invalid states are allowed to prroduce Lte by some, s-a-O failt. If all itiipii-label it, is a rineirler of til OFF-set
samte out put) theii for each privle p ii. T thlere exists a k- such thitt ni is cmiiiaiiieilli

at D-k-priiiie wAih respect t~o p. And a muiilt iple .sa- fault affectiiiig aug
2. ror each invalid siat~e irk. fliid Lte set of valid states of tire priuiucs ill T Iia) pert urb oil.

Q = qjI .. qkN. that assert tile Salle output coillbiiiationl as
tilie invalid state, arid such that iq' fl qi-, or qi-, Zl irk. Lemma 4.2 :Girn At. G arid 7' as abore, anid a tiotollii s-a- I itotU

P-rorma to-l~clBooval I'iniiztiol ol tle ogi oftheNSL Poiilfault f ai T. off port-turls air ipui-tatll si tit r thin its is croutaii,,i
3. l"rrriiatw-ee olitiiti tia orhtelgco h S ith ii a L)-A-ji-iro e re latire to anor alfected prinif of T1 arid Pit is no ct r-ii

block. iteet ig tiue following coutuiliouts: taitied ain any othi-,- lpritn of 1'. Fiurther-inioe. thaot pe ritiiehtat,u is sults

(a) Use tire invalid st~ates AS (lot cares for all primuary input val- ai somie uctt tlat rarrable that foru-Flyp ti-as 0 to beconrie 1,

11eq. Theorem 4.2 :Gireni Al. G and T as pbor, le .A b( ant algitir
(b) F-or each inuvalid state irkL, ensure that there exists a PI veci-or factorizatinir of T. Let ril arid mu2 bi twco iiprrut-lalrls of G. Lt f.

ik), that distitignislies; irt. arid qi-3 E Qk- I < j < No. That contiirg a set of cubesi C. her ar a rhiitrary factor in# A. If nt-hrr (ac/i
is. it. produices different iiext states for irk an-d q;. such that lateral of earh casbe of C is expanided in eaich torrlr sin T in n-huc, it
thie text. states Assert different output comihiiiatroiis. via ati aoptiear. ther~ doers riot exist nr eriaided piiii p i T that cotfe is,
apptropiriate stelectiout of primies. Also. Ile vector pairs corre- arid ai, erparided peirii- q ti T that colero m- 2. Mth it aruid in2l ai-e
sl)oiidiiig to r' E fovr rir(qi-, ) anid it, tfi iva, are constrainied to FE-disjoint oier uiterrral ot-a-I faults tip A.
lie F E-d isJoiiit over (each intdividunal fai I in) tile s-a-tJ (s-a- I) These t hioreuts give is coiisiraiiiis srithicieiit to ensuire thlut nio CAPrr
iterrnal faults ini the network corresloodiu* to the cover if extracted fromi thre nietwork results li or ieltirck strnucture lin which a
q1) :1 ir. (irk. :1 qoij ). via aii appropriate select-iota of primles siulfatIerilw oti iitlal.
thiat, satisf tilie condit ions of Tlieoremi 3.2. snl atprtrs ohhpi aes

5 The Covering Step
Theorem 3.3 : If tor ;orfr'icdurer aroe corripletes successfully, it pro. 11n Sectioiil 3. we flualitatively ur-scrlur-rl thle retiiiieriurejot to lie- ni-i
drcs a fully testaboh AMoore, machine. diiriiig tilie primue iiiitlieait Select iroi or co~eriiig st ep ill order to plo-

ulirce fiull% testable ceti'itriicits. Ill t(his sect ion. we descrilie tilie
3.3 Fully Testable Mealy Machines coseriuig algiiritlii ill detlail.
Tire tpcocedrure is easil v extruded to tilie M~ealy iiuacliiiie ca-se (Figure Onie goal of filie cos-er ilu algorit liii is to Strl i ii to liroi~rce A tprimea
l lilt The NI eahv minu ie ca-se offers add it ional f lexibility iii ( lie choice aiid irredi riaiit cover in rdr thr inv alid state don' ri ca rv sitf ivhi cl has a
of ilis i iiguiisli ig vectors for air pair of stat es. Wie can stal~e thme follow- tiaxirnil iin iber of inalir st ate.. assert i iig di ff'euit on t ptis froi ii all tile
ing resul. vsalid stat en. Thris is Achieved via tilie procedli ire lwliw - whIichi receivi'

art iili thle primeR implicant table. J. correspoudiiig to tire OL block
Lenmma 3.4 : If a n-dirccd 11(aly iiachiiu ith' N, statecs is such that specificationi.
the .V$L arid OL blocks ar-c ,iririie ridti rrtrdairdart under the invralid
state doi carc set arid each intrcalid state is drstingrishable ill a sigle 1. Finjd all esseintial piriiie iiiplicatits I Lh'sl ill 1'.

0 ,ml~on m (ll ali 00s ,I(, I, , 4 hi, " s fllyI ",141" 2." Pick a ( iew) ivalid state. ir-

T The pirocedurre to prodrie a fu lly test able Mealy machine is simiilar 3. Filial all El'Is iii -T thlit rout aiii tilie is alirl si at i- -,, lii i t of 110.
to the Mloore nuacluiie procedure, except t hat dhuriing the~ iiiii tOiv thlit Are A-sserited by pany oft lime EP"Is. lie PO" . Nle kniow ithat ill,-
of thle OL block, we cart make choices as to whlrt vectors cali lie usoed otht setdb i nai tai nSi rm n reiiisi
to (list iiguishi tire ituvalid anid va lid states. while maintaining prinia lity oupt setdy ieildstt l ipieAdirdn

atir irrdi-diancy ofr lie OL block cover. Duriiig tire iniiiuuuizat oni of cover Iaq to lie 3 Po"'. Pick A Oiten ) c fl PO' fusr i, (tire set of
tlie NSI, block, we effectively einsuire for stat~e pairs that, do iiot ussr a outpliits to lie a-sseried h)~ ii-) suchi list:
iitiuugrisliiiug vector thlit a two-vector distinguishing sequence for thle
lir is, iiicorriiltedl. if tilie two- states are produced as a faulty/fault -free (a) Primue- thai coiitaiii ir aini assrr othts ill c - 110" i-xms

pa I r.inl T.

bI) r is cliffereiii froii all rrr a iiaximal Iliaiirli of s alid l it es t lit
4 F ly Testable M achines with M ulti- doiiiiiate ir or are rlomtnlisi b% it-.

level Logic Iniplernentat ions 4. Fiind all primes inl 1 that coittain ir . aid a-ssert oututs iot ill C
4.1 Introduction i.e. F. S qir itralty deilet e tile rows rorresltoriil iti to tlu-se pimei'
lit t hin sect ion.- we ext ew tidtle rean ltqs of tilie previous Section to alge- froii 1'. chieck iirg after carhl delrt iou as, to %%hlieti i tei-S pr iie s
braical ly facliored riul ti-es-el imrrlleieiitalioiis. Algebraically factored to tie deleted ha-s becomte esserit al (late to tire tire ioris iletl-ls.
iietivorks- are liscuissed iil [4] wvhere it is sluowiu thl each sing1,le timitrital If A primie, t hat, is to lie dleltf-l. biecomeur' esseiit oh - thle i it i r-ar is

faltiii i A lt h-level iiiill'iieiitatiOii thlut w-as algebraically) factored that we caiiiot riu a pirimue Ai((u irr-riliudaurt co% -r. rvluee r, A-ssertr
froii a prrirme and( irreiluidatut two-level iietwork is equivalent t~o a miirl- c. Go to Step 3 And sili-ct a lie" c. If all chiorces for r liasi hi-eu
little i ltiri ul fanl Iil irile twvo-level net work.- We therefore begin ill i x hautl. go tov Steipl 2.
perttirbat ion coiilit ions for iiiput-labels uiider a multiple fault inl two-
leve i-i uueriks. and tluei Apply these results to algebraically factored 5. Addlil le iiivalid l sates with tire chuosen utitoi as clijilris to T.
ntrks. Thiq is to etisrre thlit a select itl ofplriutus' Aill lie irraili thlit resullts

ill tile itilid qA tes a-ssertitig tilie olthuts picked at Step 3. ( lottiii
4.2 S-a-O Faults in a Multi-Level Network cares. Are riot Aihldeh As coltimims io thre pritie iniplicatit tabile it,
Lemma 4.1 :;irert 31. G and T as in Definition 3.1 arid a rriultailo s- statidard miltimiizatoti-)
a-0 rattyciralfaritt f tit T. if f perturbs an impet-labli ni nG their eriery
hirillie #tr wihich rir is containe~d is aoffeedfl lip the fault. Furtherirorr. 6. Solve Lte coveringii prolilent itt tilie mnodlified T using statidard
that pie r'trbatori results ti sopiie nefl state variable that forrerig w-as lietiristic or exact coverir- flctrrtllmrs. lit order Wtosre full tesiat-
I to becorrie 0. Wiit%. wltet A liriuuie is ele'ctedl at Am~ stage inl tile cosermtg. tilIe

riuitilrer Of Is iilie or1 hWIlt psart oft lie lintie is reducoed tuIAiasiall%

Theorem 4.1 : Giren Al. G arid T as abore. let A lie an alaebraic OI Aels. ac (Verite ihul a liriutile t ilA l oie ci-rls t adtile atleas
factoei:atirio of T. Le titrr arid ruP2 bli ro input labels of G an( let P, one prqtir e vere is o utsid tainglint sart i-e n d the it
he the set of all prunpes of T that corer tipI aind let P2 lie the set of allpupatoth nt isrdcdakigtt coitthsD-et
pripire of T that corer 1172 - If boh jilt and nM2 MYe notf contained ain any The proceduire desacribedl above a- fror Sloom' irachiiue Tlie coir'-
stir gte prinae cub( tit T, amid rio factor tmpctd in the factoriuatioii of sponditug Meat) mnachtine proceduire is oik diffe'renit iii vtat at Stepl :.
A conftuis a set of cubers C such thatf for erer prionet iII p in Pa. soiitC we choorte at .rimnar) in[l pit eator t list cait dIt iiigifitl all or at muaxirial
c air C is a suliulie of 1p. avid for etrry prinre ait q art P2. sonie d in C numbiler (if vnlid states"trout i'..is a prorbenhe of q. thenr Plot arid M2 are FE-disjoint crier internal ii-a-0
firolp sits A. IThik toar ineart that tie set.oct crtiv %i wa puititit iiitve sirini wins
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Once I le OL block has been mninimiized. the NSL block has to mini.-__________________
miized obeying constraints simuilar to those above fr the invalid states I S'ANIJARIII = % Lit-A k'U U~E1Tfl
that astsert I-le samte outputs as some valid state(s) (they have to be Ii nt 1iii I icy -T~~f1T~ Jig "InT I trol -i;
(listiiig ishsle front lite valid state(s)). W

t.e also hAve to ensure Chat i....1......I L tis ______ ___ljtigi

(lhe dist itigiislitg vectors defect disjoint sets or faults. The covering d1lle I7 I7 .~ i "T. 'TT InU - .. 11111

procedtire is simtilar to tile procedure described above; however, sine F3;5: T' U TfW 'TT 5 321 Itfull '~j*T 1'U11 ;7,
the NSL block receives intput~ it boi, I Ike primiary inputs as wLite -917~ 1hI0 K 2 I-r-1'fT is w 11 i-. 7Wpresent Mtale-. we have quite sonme flexibility in choosing distiniguishting ' .'32 j 9 5. 25.11 -4 '~n rii~ ~
%ectors And lite next states produced by the distinguishing vectors. V4.9 J-. I III m -100 1r1it 5 6~7 1!WT "1TTi

I1. Find all essetiail prite iniplicants (EPIs) in T.

2. flick a (tiew) itivalid state, it.
EX CQF'W 775H I VToVl

:3. Pick a (ntew) in put. comibintatioti pi. -yl tll I"W JiTj In yu '1~l i lfll 'T M "W T
4. Fitnd all EPIs ii, T that conttaitn pil Q at. Let the set of NS lites that tittc ttie j I*, ..1.tIi: [title e I leta I iIs -

are Asserted by augy of t hese EPIs. be NSV' *". "e kntow tha. cte di' 194 1.4mt .9m 1u 23 .J 1 _n Jut 165 1~' 8.2mu 1 511111
NS line- asserted by thie inivalid state, for this primary inipit.. in atty plat, -3 -~ -7T'i _.~' IlkY IIIT . 'M -- :I _ III

prime aiid irredittdant cover has to be :1 AS' . Pick a (tiew) SdT I7)1 it)mj J'7ill 81) In 9~'~ 8,1umi ~211
c1N S' for it' (thle set of NS lines asserted by pi (4 it') so: 5s2 54.1 2.8m 39qt 423 1 .31t 2 6m

(a) Pritme- I list containi pi f-t- it, and assert out puts in c- NSF" * m *i 8 50! 6,391 1

exist iii T. Inslvleq ( lie addi iott of sit extra itlnit sAit out pit.
(b)) 'rte otopit of c is iifferetnt front the output of the next stat~e 2 The synthlesis piroceduire was termuintated after 2 hours.

of all or A itiaxitual niumbler of valid states. V,. (that are not
alreadyv (list higitislter and which domtinate it' or are dloanittated
by ir) onl receis itg pi. Wie next cotmpare ti uAppitroachi withI ie n propiosed siili -t

a1pproaches 1.o achieve full testah)ility. I lie colmrisuntis are presett.'d iii
.5. Fintd alt pritnkel in T' that contain pi i'r it atid assert NSS tines not Table 2. Undtier tlic cot i C OV E0. we gi v t lie u-es, t -orrestioniingii to

iii r. i.e. F. Also. fitid all pruntes which contasin haiti pi (9 it' COVER-Il. if t(lie resul tug dlesign was ('1lls ti'stale. Else. We gis tie
and Il E faiiii( I) or whose 0- 1-priute-ciabes conttaitn both pi 4 it, result of ('0'ER-A. The ccolutiti ( NSI WAIN has tlite results obaituild
antd r' E fui ii(I-. Sequetially delete the rows corresponudinig to by ttsiug tlilt roustrained state assigun eti aid logic ot i m izalt i im
these primtes front T. checking after eacti deletion as to whether the cedure of [3]l. Thie colutmni oPTsYN has Ihe resuilts isitig t lie 0111 iluh 1

"iex I pritta' to lie deleted isa- becotme essetiat due to thfe previous sytithlesis; procedlure of [2]. Thle utiiber of titerals it, tie coitbittatmist
deletiotns. Ifs prite. that is to be delet ed. becomtes essetitial], thetn logic (lit). lte C(PUT tiitie for sytatliesis (S ii. titel stud t(lie (Ph lt tle
it tiesius I list wve cannot find a primie and irredittdatit cover. Where required for test genieratiott (t'pg little) Are indicated. Alt the desiffius
li (! ir Asserts c. Go t~o Step 4 atid select a itews c. If alt choices for via echel or thie procedutres are l100% testable.

ic have bieeti exhaust ed. go to Step 3. Fromt the table it is clear thlit on r item, apptroiach i i' 1 resi'ii i a ii at-
6. If. At Step 4(b)i . tiot all thle valid states have different tnext at at es tractive alteraaise to cit tr a ( Pt-iiiciisi'.e opitiial ssiitli' tn

-fromira onl receis intg ;)i. go to Step 3 atid Attenipt to distitngisht at I~ oIt"' o fr'I a I ara seaig fosri ed us io ea tn toes t i C go iiCh10

fie retia inting vsalid states f'ronti it. matbe in of 'ONS I 1 I p or ttsivi'd tila Itlesit ialit ii -l ti o

ou utaasclimust 7.lite ids CN toA rolie (Pt re iiei iteits '0 ilie butS N pIious mrhin.;
7.Add f lie liriutiar% itiput vectors Atnd intvalid states with the chosen itig I le originial desigin. The C'OVElR procei tre comtIt all cxamtll

reqluiredt ltte greatest Atmountts of 'Pt' aiid was turoltitut~ei sets* pesise
S. Solve the coverinig probletm ott lie itodiliedl T usinig stanidard oit otte exatmple. Overall. thlese resuilts itidicate thlit ile C OVE p71li

heuristic or exact coveritig Algorithmuis. reduire ittproves over tile previotis piroceduires frotile ga oitot of
quality of result versus ( li t tle requtiremtents, auit miore itiorlant s

At Step 4(b). we Ott l deal at all% gis ci pass withI valid states that have is able Its idle designts thIt t(hIe tires itis tirocet tires cotl ii) ot (willt
lie saute out puts as- it, or those t list have tiot as yet beent dtsttingitshed out tioiia ioII

fromt i. 
ndfc~o)
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